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The ability to link events that are separated in time is
important for extracting meaning from experiences
and guiding behavior in the future. This ability likely
requires the brain to continue representing events
even after they have passed, a process that may
involve the prefrontal cortex and takes the form of
sustained, event-specific neuron activity. Here, we
show that experimentally increasing the activity of
excitatory neurons in the medial prefrontal cortex
(mPFC) enables rats to associate two stimuli sepa-
rated by a 750-ms long temporal gap. Learning is
accompanied by ramping increases in prefrontal
theta and beta rhythms during the interval between
stimuli. This ramping activity predicts memory-
related behavioral responses on a trial-by-trial basis
but is not correlated with the same muscular activity
during non-memory conditions. Thus, the enhance-
ment of prefrontal neuron excitability extends the
time course of evoked prefrontal network activation
and facilitates the formation of associations of
temporally disparate, but correlated, events.INTRODUCTION
On amoment-to-moment basis, the brain is exposed to amedley
of stimuli, which are chunked together according to correlations
experienced in the past. Often, stimuli that are correlated with
one another also co-occur in time, but in some cases, stimuli
predict future positive or negative events that occur after tempo-
ral gaps. Previous work in the medial prefrontal cortex (mPFC) of
rodents suggests that this region is important for learning asso-
ciations between temporally discontiguous events (Gilmartin
and Helmstetter, 2010; Gilmartin et al., 2013; Runyan et al.,
2004; Takehara-Nishiuchi et al., 2005). The mPFC has also
been implicated in other behaviors that rely on the temporal or-
ganization of information, including learning stimulus sequences2400 Cell Reports 15, 2400–2410, June 14, 2016 ª 2016 The Author(
This is an open access article under the CC BY-NC-ND license (http://(Barker et al., 2007; Devito and Eichenbaum, 2011; Hannesson
et al., 2004a; Mitchell and Laiacona, 1998) and remembering
which locations in an environment have been previously visited
(Chiba et al., 1997; Hannesson et al., 2004b). At the physiological
level, mPFC neurons have been found to sustain firing rates over
short temporal intervals (Hattori et al., 2014; Rainer et al., 1999;
Siegel, 2014; Takehara-Nishiuchi and McNaughton, 2008).
These patterns parallel well-established observations of neuron
activity in the primate dorsolateral prefrontal cortex (dlPFC) dur-
ing working memory tasks (Fuster and Alexander, 1971; Kojima
and Goldman-Rakic, 1982; Quintana and Fuster, 1992). Accord-
ingly, increased neuron firing in the mPFC during intervening
gaps may signal a relevant correlation between two stimuli. To
test this possibility, we activated excitatory neurons in the
mPFC of rats by using a chemogenetic approach (Alexander
et al., 2009) and examined the effect on associative learning
across otherwise prohibitively long delays. We also analyzed
the impact of increased excitation on local network dynamics
by recording local field potentials (LFPs) from the mPFC during
learning. We found that enhanced prefrontal neuron activity
enabled rats to form associations across extended delays and
that this accompanied increases in LFP theta and beta ampli-
tudes during the delays.RESULTS
Excitatory Pyramidal Neurons in the mPFC Were
Selectively Activated by Virally Transduced DREADDs
We used recombinant adeno-associated viral vectors (rAAVs) to
transduce the evolved human M3-muscarinic receptor (hM3Dq)
gene into a subset of pyramidal neurons in the prelimbic region of
the mPFC in adult male Long-Evans rats. The hM3Dq receptor
has a high affinity for the pharmacologically inert ligand, cloza-
pine-N-oxide (CNO) but not endogenous neurotransmitters
(Alexander et al., 2009). To target the expression in excitatory py-
ramidal neurons, the hM3Dq genewas expressed under the con-
trol of the a-CaMKII promoter. As a control, we used a rAAV vec-
tor that carried the GFP gene under the control of the a-CaMKII
promoter. The expression of hM3Dq receptors (detected by co-
expression of mCherry) was restricted to the prelimbic regions)
creativecommons.org/licenses/by-nc-nd/4.0/).
with very minor spread into adjacent rostral anterior cingulate
and infralimbic regions (Figures 1A and 1B). Among 21 rats
that received the viral vector with the hM3Dq gene, one rat did
not have any expression of hM3Dq, while two rats had insuffi-
cient spread into the prelimbic region. The data from these rats
were removed from subsequent analyses.
To confirm the cell-type specificity of hM3Dq expression,
we performed immunohistochemistry on tissue from seven
hM3Dq-expressing rats using a-CaMKII as a marker for excit-
atory pyramidal neurons. We observed that 40% of DAPI-pos-
itive cells in the prelimbic region expressed hM3Dq receptors
(Figures 1C and 1D) and that 95% of these hM3Dq-positive
cells also expressed a-CaMKII. This result confirms that our
manipulation specifically targeted excitatory pyramidal neurons.
To examine the impact of our manipulation on the activity of
single neurons, we monitored the expression of the immediate
early gene, c-Fos, induced by subcutaneous injection of CNO
or saline to 12 hM3Dq-expressing rats (Figures 1E and 1F).
Although many previous studies used hM3Dq to induce artificial
firing (Farrell and Roth, 2013), our goal was to enhance natural
responses of prefrontal neurons to incoming stimuli. Therefore,
we used a dose of CNO (0.1 mg/kg body weight) which was
10–50 times lower than the dose used in these earlier studies.
The overall number of c-Fos-expressing cells was higher
in CNO-treated hM3Dq-expressing rats than in those treated
with saline (t test, p = 0.0025). Consistent with previous reports
(Garner et al., 2012; Yau and McNally, 2015; Zhan et al., 2013),
the increase was observed regardless of hM3Dq expression:
the proportion of c-Fos-expressing neurons was higher in the
CNO-treated rats than in the saline-treated rats in both
hM3Dq-positive and hM3Dq-negative neurons (t test, p =
0.0237, p = 0.001). These results suggest that our manipulation
increased the number of activated neurons by 1.5 times.
Increasing Prefrontal Neuron Activity Enabled Learning
across Extended Temporal Delays
To examine the impact of increased prefrontal neuron activity
on associative learning, we tested hM3Dq- and GFP-express-
ing rats in trace eyeblink conditioning. In this paradigm, a
neutral conditioned stimulus (CS) is paired with an eyeblink-
eliciting unconditioned stimulus (US) presented after a short
temporal delay called a trace interval. With repeated pairings
of the CS and US, animals develop anticipatory blinking re-
sponses that occur immediately before the onset of US (condi-
tioned response; CR). CR acquisition requires a larger number
of CS-US pairings as the duration of the trace interval becomes
longer (Weiss et al., 1999). The longest interval over which
learning typically can take place in rats is 500 ms (Beylin
et al., 2001; Morrissey et al., 2012; Takehara et al., 2003), at
which interval CR acquisition is impaired by the inactivation of
the prelimbic region (Takehara-Nishiuchi et al., 2005). To detect
enhancement of learning by our manipulation, we extended the
trace interval to 750 ms (Figure 2A). Thirty minutes prior to daily
conditioning sessions, rats received a subcutaneous injection
of either saline (GFP-saline group, n = 7; hM3Dq-saline group,
n = 5) or CNO (GFP-CNO group, n = 7; hM3Dq-CNO group,
n = 12) from the second adaptation session to the last acquisi-
tion session.Our first analysis examined the effect of the extended trace
interval on CR acquisition in three control groups (GFP-saline,
hM3Dq-saline, and GFP-CNO; Figure S1). Over the course
of 7 days, all three groups increased the frequency of CR
expression (CR%; two-way repeated-measures ANOVA, a
main effect of session, F(6, 96) = 7.712, p < 0.001). There were
no significant group differences: group, F(2, 16) = 0.216, p =
0.808; Session 3 Group interaction, F(12, 96) = 0.700, p =
0.748; therefore, the data from these groups were collapsed
into a single ‘‘control’’ group. Notably, even after 7 days of acqui-
sition sessions, CR% in most rats did not reach the previously
reported asymptote for trace eyeblink conditioning with a regular
500-ms trace interval in rats (60%; Weiss et al., 1999; Beylin
et al., 2001; Morrissey et al., 2012). These results suggest that
extending the trace interval by 250 ms effectively weakened
the animal’s ability to associate the CS and US.
Then, we tested whether increased activity of prefrontal excit-
atory neurons facilitates the formation of association in this
challenging paradigm. Over the course of seven acquisition ses-
sions, both the control rats (n = 19) and CNO-treated hM3Dq-ex-
pressing rats (hM3Dq-CNO group, n = 12) increased their CR%
(Figure 2A; two-way repeated-measures ANOVA, Session 3
Group interaction, F(4.054,180) = 1.396, p = 0.239, a main effect
of session, F(4.054,180) = 16.605, p < 0.001); however, the CR%
of the hM3Dq-CNO group was significantly higher than that of
the control rats (a main effect of group, F(1, 30) = 4.863, p =
0.035). Importantly, CRs in both groups were time locked to
the onset of US (Figure S2): the frequency of eyeblink responses
during theCS remained low during the acquisition sessions (Ses-
sion 3 Group interaction, F(3.410,98.885) = 0.372, p = 0.799;
session, F(3.410,98.885) = 0.807, p = 0.506) and did not differ be-
tween the groups (group, F(1, 29) = 0.130, p = 0.721). Further-
more, the temporal pattern of CRs was comparable between
the hM3Dq-CNO and control groups (Figure 2B). In both groups,
the amplitude of electromyogram (EMG) gradually increased af-
ter the offset of the CS and reached maximum within a 200-ms
window immediately before US onset; the latency to CR onset
and peak were comparable between the two groups (Figure 2C;
onset latency, t test, p = 0.931; peak latency, t test, p = 0.654). In
addition, during an adaptation session in which no CS or US was
presented (‘‘Adap’’ in Figure 2A), the frequency of spontaneous
blinking was comparable between the control and hM3Dq-
CNO groups (t test, p = 0.087). This confirms that the manipula-
tion specifically increased learning-related eyeblink responses
but had no effect on the frequency of spontaneous eyeblinks.
Together, these results suggest that the increased neuron activ-
ity in the mPFC facilitates the formation of CS-US association
under a condition wherein temporal correlations between the
CS and US was weakened, but it did not modify the asymptotic
performance, the temporal pattern of CRs, or the frequency of
non-specific or spontaneous eyeblink responses.
Increasing Prefrontal Neuron Activity Extended the
Duration of Network Activation following CS
Presentation
To examine the effect of increased prefrontal neuron activity on
local network dynamics, LFPs were recorded in the prelimbic re-
gion of the mPFC (Figure 3A) while rats underwent trace eyeblinkCell Reports 15, 2400–2410, June 14, 2016 2401
Figure 1. Histological Validation of Chemogenetic Manipulations
(A) A representative photomicrograph of the mPFC of a rat with virally transduced hM3Dq gene. The expression of hM3Dq (detected by the red signal from
mCherry, which was co-expressed with hM3Dq) was observed bilaterally in the prelimbic region. Scale bar, 10 mm.
(B) Histological reconstruction of viral infection area in the hM3Dq-expressing rats. In all rats included in behavioral and neurophysiological analyses, hM3Dqwas
expressed in the prelimbic region with minimal spread into adjacent anterior cingulate and infralimbic regions.
(C) Representative images of hM3Dq (red) and a-CaMKII (green) expression and the merged image of the two. A high level of overlap between hM3Dq and
a-CaMKII (white arrows) was detected. Scale bars, 10 mm.
(D) The percentage of cells positive for hM3Dq, a-CaMKII, or both showed that the majority of cells expressing hM3Dq also expressed a-CaMKII, suggesting that
our manipulation specifically targeted excitatory pyramidal neurons. Data are represented as mean ± SEM.
(E) Representative images of hM3Dq (red) and c-Fos (green) expression and themerged image of the two in a saline-treated rat (left) and a CNO-treated rat (right).
Although the expression level of hM3Dqwas comparable between the two rats, the expression level of c-Fos was higher in the CNO-treated rat than in the saline-
treated rat. Scale bars, 10 mm.
(F) Consistent with the observation in the individual images, cell-counting results confirmed that the proportion of c-Fos-positive cells was higher in the CNO-
treated rats than in the saline-treated rats. The difference was significant in both hM3Dq-positive and hM3Dq-negative cells.
Data are represented as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 2. Enhancing Activity of Prefrontal
Pyramidal Neurons Enabled the Associa-
tion Formation across Extended Temporal
Delays
(A) Daily conditioning sessions consisted of 100
pairings of a conditioned stimulus (CS; 100-ms
tone) with an unconditioned stimulus (US; 100-ms
periorbital shock) separated by a 750-ms stimulus-
free interval. Over the course of 7 days of acqui-
sition sessions, the control (black) and CNO-
treated hM3Dq-expressing (hM3Dq-CNO group,
red) rats increased the frequency of conditioned
responses (CR%); however, the CR% was higher
in the hM3Dq-CNO group than in the control
group. During an adaptation session (Adap.), the
frequency of spontaneous eyeblink responses was
comparable between the groups.
(B) Averaged normalized EMG amplitude was
comparable between the hM3Dq-CNO (red) and
the control (black) groups.
(C) The latency to the onset and peak of CRs was
comparable between the hM3Dq-CNO (red) and
control (black) groups.
Error bars indicate the SEM.conditioning with trace intervals of 750 ms. LFP signals were re-
cordedwith bipolar electrodes to reduce the influence of electro-
physiological signals from sources other than the prelimbic re-
gion. Four rats were excluded from subsequent analyses due
to damage or misplacement of electrodes. Three control groups
were collapsed into a single group, resulting in 12 rats in the
hM3Dq-CNO group and 15 control rats. To examine whether
the manipulation affected baseline activity and relative power
among different frequency bands, power spectra of LFP activity
were calculated during a 1-s window before CS onset or during
the CS-US pairing on the last acquisition session (Figure 3B).
They showed typical bumps at oscillations of 2, 8, 20, and
55 Hz in the control and hM3Dq-CNO groups without any major
difference in the spectra shape between the two groups. This
confirms that our manipulation did not induce patterns of
epileptic form activity observed in previous studies that used a
higher dose of CNO (Alexander et al., 2009).
To examine changes in LFP activity induced by the CS presen-
tation, the spectrogram during the last acquisition session was
normalized by dividing the power in each frequency band by
the power before the CS onset (Figure 3C). Initial impressions
of the normalized spectrograms suggest that both groups
showed wide-spectrum increases in LFP activity upon CS onset.
In the control group, activity patterns returned to baseline (above
25 Hz) or decreased below baseline. In the hM3Dq-CNO group,
on the other hand, activity patterns remained elevated until US
onset (Figure 3C).
To further investigate the observed difference in the LFP activ-
ity, the normalized amplitudes of four pre-defined frequency
bands (delta, 2–4 Hz; theta, 4–12 Hz, beta, 12–30 Hz, and
gamma, 30–80 Hz) were compared between the control and
hM3Dq-CNO groups. In the control group, the normalized ampli-
tudes of theta, beta, and gamma bands that increased during the
CS returned to the baseline level immediately after the offset of
CS (Figure S3A). In the hM3Dq-CNO group, on the other hand,
the normalized amplitudes of theta and beta bands graduallyincreased toward the onset of US (Figure S3B). Notably, these
activity patterns were observed, even in the first session, and
changed little across sessions. To quantify these observations,
the normalized amplitude in all sessions was compared between
the two groups in a series of 100-ms time windows (Figure 3D).
We found that the normalized amplitude of theta activity in the
hM3Dq-CNO group was significantly higher than that in the con-
trol group from 300 to 600 ms after CS onset (t test with Bonfer-
roni correction, all ps < 0.05/6). Similarly, there was a significant
group difference in the beta and gamma amplitudes from 400 to
700 ms after the CS onset (all ps < 0.05/7). The normalized delta
amplitude, on the other hand, did not differ between the groups
(all ps > 0.05/3). In addition, during the CS, the normalized ampli-
tude of all frequency bands was comparable between the
groups. These results suggest that the increased activity of
excitatory neurons did not enhance the degree to which the
mPFC network was activated during the CS, but it significantly
extended the duration of mPFC network activation after CS
offset.
SuccessfulMemory Performance of UntreatedRatsWas
Accompanied by Ramping Theta and Beta Amplitudes
We then examined whether the chemogenetic manipulation
augmented natural oscillatory activity patterns related to suc-
cessful association formation or induced artificial activity pat-
terns that do not usually occur in untreated brains. To address
this point, we first examined which oscillatory activity patterns
were correlated with trial-by-trial memory expression in the con-
trol group. The amplitude of stimulus-evoked activity at delta,
theta, beta, and gamma bands was separately averaged across
trials in which control rats showed the CR (CR trials) and trials in
which they did not (non-CR trials). To examine changes in the
amplitude upon CS presentation, the amplitude was divided by
the amplitude before CS onset and averaged across a series
of 100-ms time windows. We found that, during the CS the
normalized amplitude of delta and theta band activity was higherCell Reports 15, 2400–2410, June 14, 2016 2403
Figure 3. Enhancing Activity of Prefrontal Pyramidal Neurons Extended the Duration of CS-Evoked Oscillatory Activity
(A) Histological reconstructions of electrode locations in the CNO-treated hM3Dq-expressing rats (hM3Dq-CNO group, red) and the control rats (black) included
in neurophysiological analyses. The locations of shorter and longer tips of bipolar electrodes are depicted as circles and diamonds, respectively.
(B) The power spectrogram of LFPs in the hM3Dq-CNO (red) and control (black) groups during a 1-s period before the onset of conditioned stimulus (CS) (left) and
during the pairings of the CS and unconditioned stimulus (US) (right) in the last acquisition session. The shape of the power spectrogram was comparable
between the two groups. Dotted lines show the SEM.
(C) Normalized spectrogram in the last acquisition session was averaged across rats. The color shows the degree to which the power in each frequency band
changed upon the CS presentation. In the control group (left), the CS evoked an increase in the power across wide frequency bands; however, the power
immediately went down to the baseline level after the offset of CS. In the hM3Dq-CNO group (right), the CS-evoked power in the 8–12, 15–20, and 30–70Hz bands
persisted to the onset of US (white arrows). Two dotted lines show the onset and offset of CS. Black bars mask the artifact generated by the US.
(D) The averaged, normalized amplitude in the four pre-determined frequency bands in a series of 100-ms time windows around CS onset. The amplitude was
calculated up to the last 100-ms window closest to the US onset without any contamination of US artifact. While the amplitude during the CS was comparable
between two groups, the amplitude of theta (4–12 Hz), beta (12–30 Hz), and gamma (30–80 Hz) bands gradually increased toward the US onset in the hM3Dq-
CNO group (red), but it dropped below the baseline level in the control group (black). The amplitude of delta (2–4 Hz) activity was comparable between two
groups. Dotted lines show the SEM. Significant effects aremarked with an asterisk (theta, p < 0.05/6; beta and gamma, p < 0.05/7). Two gray lines show the onset
and offset of the CS.in non-CR trials than CR trials (Figure 4; paired t test with Bonfer-
roni correction; delta, p < 0.05/3; theta, p < 0.05/6). After CS
offset, the normalized amplitude of theta, beta, and gamma2404 Cell Reports 15, 2400–2410, June 14, 2016activity increased toward US onset during CR trials but not
during non-CR trials (theta, 400–600 ms after CS onset, p <
0.05/6; beta, 400–700 ms after CS onset, p < 0.05/7; gamma,
Figure 4. Theta and Beta Amplitudes Were Ramped Up toward the US Onset when Untreated Rats Showed CRs
The averaged normalized amplitude in four frequency bands was separately calculated in a series of 100-ms time windows for trials in which control rats ex-
pressed conditioned responses (CR trials; blue) and for trials in which they did not (non-CR trials; cyan). The amplitude was calculated up to the last 100-ms
window closest to the onset of unconditioned stimulus (US) without any contamination of US artifact. After a large increase in the amplitude upon the presentation
of conditioned stimulus (CS), the amplitude of theta, beta, and gamma activity gradually increased to US onset in CR trials but not in non-CR trials. Dotted lines
show the SEM. Significant effects are marked with an asterisk (theta, p < 0.05/6; beta and gamma, p < 0.05/7). Two gray lines show the onset and offset of CS.100–300 ms, and 400–700 ms after CS onset, p < 0.05/7). These
results suggest that successful CR expression in the control
group was associated with the ramping increase of theta, beta,
and gamma amplitudes during the trace interval.
Increasing Prefrontal Neuron Activity Augmented
Ramping Theta and Beta Amplitudes Associated with
Successful Memory Performance
We then tested whether the chemogenetic manipulation
augmented the ramping increase of theta, beta, and gamma am-
plitudes in trials with CR expression (CR trials). The normalized
amplitude of these oscillatory bands was calculated in a series
of 100-ms timewindows during CR trials and compared between
the control and the hM3Dq-CNO groups (Figure 5A). We found
that the normalized amplitude of the theta band in the hM3Dq-
CNO group was significantly higher than that in the control group
from 300 to 600 ms after the onset of CS (t test with Bonferroni
correction, all ps < 0.05/6). Similarly, there was a significant
group difference in the beta amplitude from 500 to 600 ms after
CS onset (p < 0.05/7). The amplitude of delta or gamma activity
was not significantly different between the groups. These results
suggest that increasing prefrontal neuronal activity augmented
the ramping increase of theta and beta amplitudes associated
with successful CR expression.
We also tested whether the chemogenetic manipulation modi-
fied an oscillatory activity state during trials in which rats did not
express CRs (i.e., did not move the eyelid; non-CR trials; Fig-
ure 5B). This analysis allows for determining the impact of che-
mogenetic manipulations on oscillatory activity independently
from the confounding factor of eyelid movement. We found
that, following the offset of CS, the normalized amplitudes of
theta, beta, and gamma activity dropped below the baseline
in both groups; however, the hM3Dq-CNO group showed higher
normalized amplitude than the control group (theta, 300–600 ms
after CS onset, p < 0.05/6; beta, 100–200 ms and 400–700 ms
after CS onset, p < 0.05/7; gamma, 0–300 ms, and 400–
700 ms after CS onset, p < 0.05/7). In contrast, the normalizedamplitude of delta activity during trace intervals was higher in
the control group than that in the hM3Dq-CNO group (delta,
p < 0.05/3). These results suggest that the chemogenetic manip-
ulation elevated prefrontal network activity during trace intervals,
even in the absence of CR expression (i.e., movement of eyelid).
Ramping Theta and Beta AmplitudesWas Not Related to
Eyelid Movement Prior to Conditioning
To further address the possibility that the increased oscillatory
amplitude is related to eyelid movement (i.e., the increase was
a reflection of sensory feedback from eyelid proprioceptors),
we examined the effect of eyeblink responses on LFPs in the
mPFC. By using the LFP data during the adaptation session,
the time-frequency analyses were performed on LFPs within
300-ms windows around spontaneous eyeblink responses,
and the estimated power was normalized by dividing the power
in each frequency band by the power during the period before
the eyeblink response (Figure 6A). In 60% of rats, prefrontal
LFP activity did not show any clear change during spontaneous
eyeblink; however, the remaining rats showed a massive in-
crease in wide-band power upon eyeblinks. The difference in
the degree of EMG-LFP correlation between the two sets
of rats was unknown: it was not attributable to the electrode
location, the viral vector type, or CNO treatment. To eliminate
the contamination of eyeblink-induced changes in LFPs, we
repeated the same analyses in Figure 3D by using only rats
that did not show any changes in LFPs upon spontaneous eye-
blink (n = 5 for the control group; n = 4 for the hM3Dq-CNO
group). When the normalized oscillatory amplitude in a series
of 100-ms time windows was compared between two groups,
the hM3Dq-CNO group still showed a trend toward stronger
amplitude of theta activity from 400 to 600 ms after CS onset,
compared with the control group (t test with Bonferroni correc-
tions; theta, ps = 0.0229, and 0.0162). Similarly, despite the small
sample size, there was a significant group difference in the beta
activity from 400–600ms after CS onset (p < 0.05/7), as well as in
the gamma activity at 200 and 500ms after CS onset (p < 0.05/7).Cell Reports 15, 2400–2410, June 14, 2016 2405
Figure 5. Enhancing Activity of Prefrontal Pyramidal Neurons Augmented the Ramping Increase of Theta and Beta Amplitudes
(A) The averaged normalized amplitude in four frequency bands was separately calculated in a series of 100-ms time windows. The amplitude was calculated up
to the last 100-mswindow closest to the onset of unconditioned stimulus (US) without any contamination of US artifact. In trials with the expression of conditioned
responses (CRs), the amplitude of theta and beta activity showed a greater ramping toward US onset in the CNO-treated hM3Dq-expressing rats (hM3Dq-CNO,
red) than in the control rats (blue).
(B) In trials without CR expression, the amplitude of theta, beta, and gamma activity dropped below the baseline level after CS offset in both groups; however, the
amplitude was still higher in the hM3Dq-CNO group (pink) than the control group (cyan).
Dotted lines show the SEM. Significant effects are marked with an asterisk (theta, p < 0.05/6; beta and gamma, p < 0.05/7). Two gray lines show the onset and
offset of CS.These results further support a view that the extension of pre-
frontal network activation was independent from CR expression
(i.e., movement of eyelid).
DISCUSSION
The ability to connect temporally disparate events offers adap-
tive advantages that may be the evolutionary basis for cognitive
processes such as episodic memory, working memory, and
goal-directed behavior. The present study demonstrates a link
between prefrontal network signaling and the brain’s ability to
bridge contingent stimuli across delays. By combining the che-
mogenetic approach with trace eyeblink conditioning in rats,
we found that increasing prefrontal pyramidal neuron activity
enabled rats to form stimulus associations over extended delays2406 Cell Reports 15, 2400–2410, June 14, 2016that were, among the majority of untreated rats, prohibitively
long for learning. The enhanced learning was accompanied by
a ramping increase of prefrontal theta and beta amplitudes dur-
ing inter-stimulus intervals. Ramping theta and beta activity pre-
dicted memory expression but did not otherwise correlate with
contraction of eyelid muscles. Thus, ramping activity within the
prefrontal network may signal relevant correlations between
stimuli, thereby determining a time window over which tempo-
rally disparate events are associated with one another.
Network excitation is a critical regulator of learning. Manipula-
tions that enhance neuron excitability in the hippocampus or
amygdala enable learning in a weak training protocol of the Mor-
ris water maze task (Sekeres et al., 2010) and cued fear condi-
tioning (Yiu et al., 2014). Experimental increases of prefrontal
neuron activity also result in animals learning stimulus-shock
Figure 6. The Ramping Increase in Theta and Beta Amplitudes Was Not Related to Eyelid Movement
(A) Two representative spectrograms during spontaneous eyeblink responses overlaid with the averaged eyelid EMG amplitude during spontaneous eyeblink
responses. In60%of rats (left), prefrontal LFP did not change in relationship with eyeblink responses (changes in EMG amplitude are indicated with a black line,
scaled in a.u. on the right y axis). In the remaining rats, the eyeblink response induced an increase in power across wide frequency bands (right). The color shows
the degree to which the power in each frequency band changed after the onset of eyeblink responses.
(B) In those rats without LFP changes related to eyeblinks, the averaged normalized amplitude in four frequency bands were separately calculated in a series of
100-ms timewindows. The amplitudewas calculated up to the last 100-mswindow closest to the onset of unconditioned stimulus (US) without any contamination
of US artifact. The normalized amplitude of beta and gamma activity was stronger in CNO-treated hM3Dq-expressing rats (red) than in control rats (black).
Dotted lines show the SEM. Significant effects are marked with an asterisk (beta and gamma, p < 0.05/7). Two gray lines show the onset and offset of CS.associations, even when the preceding stimulus (the CS) offered
no predictive value of the subsequent stimulus (the US)—i.e.,
to overcome a phenomenon known as ‘‘blocking’’ (Yau and
McNally, 2015). In line with these findings, we showed that
increased activity of pyramidal neurons in the prelimbic region
during conditioning enabled rats to form memory associations
between stimuli separated by extended temporal delays. It is
noteworthy that this memory enhancement was achieved
by chemogenetic manipulations with a dose of CNO that was
10–50 times lower than the dose used in previous studies (Far-
rell and Roth, 2013). In contrast to burst firings of hM3Dq-ex-
pressing neurons induced by high-dose CNO (Alexander et al.,
2009), low-CNO dose augmented the natural response of the
prefrontal network to external stimuli (Figure 3C), with aminimum
impact on baseline oscillatory activity (Figure 3B). One may
argue that a manipulation with higher temporal precision, such
as optogenetics, could be used to enhance associative learning
even more selectively and effectively, compared with the che-
mogenetic manipulation. This is certainly an important question
for future studies; however, it is notable that one recent study
found that workingmemory was impaired by optogenetic excita-
tion of prefrontal pyramidal neurons during delay periods (Liu
et al., 2014). An important difference between the approachesused in the optogenetics study and the present experiment is
that the manipulations performed in the former likely induced
firing in the network, while the chemogenetic manipulation likely
amplified neurons’ responses to their afferents. It may, therefore,
be the case that memory functions are more effectively
enhanced by methods that augment natural network activity
than those driving artificial firing patterns.
Another feature of our manipulations was that the excitatory
neurons affected were selected by the effective randomness of
viral transduction. This suggests that associative learning can
be enhanced, regardless of which pyramidal neurons are acti-
vated by the manipulation—i.e., which neurons are infected by
the virus. It is likely that the learning and expression of trace
memory associations involve the development of neuron codes
(i.e., neuron selectivity) for the particular stimuli and their associ-
ations (see, for example, Takehara-Nishiuchi and McNaughton,
2008) and that such codes activate or sustain other memory-
coded features in other brain regions. It may be the case that
all pyramidal neurons in the region are equally capable of devel-
oping this selectivity, consistent with the observation that the se-
lection of neurons that are allocated to a particular memory, or
‘‘engram,’’ depends on their state of excitability when the expe-
rience takes place (Han et al., 2007, 2009; Yiu et al., 2014; Zhuo,Cell Reports 15, 2400–2410, June 14, 2016 2407
2009). An alternative explanation is that there are brain regions
efferent to the mPFC that support learning or memory expres-
sion in a way that depends not on the specific pattern of acti-
vated mPFC neurons but on the region’s net output. The impor-
tance of considering overall levels of excitatory neuron output is
suggested by observations that mPFC excitatory neuron popu-
lation activity is higher during high-value experiences (Insel and
Barnes, 2015).
Successful memory performance of untreated rats was asso-
ciated with ramping increases of theta, beta, and gamma activity
during intervals between paired stimuli (Figure 4). This same
ramping activity was observed to an even stronger degree
following the chemogenetic manipulations to prefrontal excit-
atory neurons (Figure 5A), suggesting a link between ramping ac-
tivity and memory function. One potential function of ramping
oscillation amplitude is to signal the temporal proximity or antic-
ipation of upcoming important events (i.e., US). This view is
similar to proposed functions of ramping firings of single neurons
during interval timing tasks (Kim et al., 2013; Parker et al., 2014,
2015; Xu et al., 2014) and stimulus-outcome associations over
temporal delays (Hassani et al., 2001; Komura et al., 2001; Wa-
tanabe, 1996). Alternatively, the ramping activity may, in turn,
contribute to heightened attention to external stimuli (Baluch
and Itti, 2011; Kim et al., 2016). Manipulations that disrupt atten-
tion also impair memory acquisition in trace conditioning in
mice and humans (Carter et al., 2003; Han et al., 2003), and it
is possible that the anticipatory ramping is supporting either
increased vigilance or focus on external stimuli. The critical
next step would be to discern these possibilities by uncovering
neuron firing patterns correlated with the chemogenetic
enhancement of associative learning.
One question that arose was whether the ramping increase of
theta and beta amplitudes, which was correlated with the CR,
was reflecting neural control or efference copy of the eyelid mus-
cle (similar to previous observations linking hippocampal multi-
unit activity and CRs; Berger et al., 1976). This explanation was
inconsistent with several observations. First, the chemogenetic
manipulation enhanced prefrontal network activity indepen-
dently from eyelid movement. In particular, the hM3Dq-CNO
group showed stronger oscillatory amplitude during trace inter-
vals in both trials with and trials without the expression of CRs
(Figures 5A and 5B). Second, the ramping activity in the
hM3Dq-CNO group was observed even in the first acquisition
session, during which the frequency of CR expression was still
low—this was also the case of other, early acquisition sessions
(Figures 2A and S3B). Third, the ramping activity was observed
even in rats that did not show LFP activity during spontaneous
eyeblinks (Figure 6B). Together, these results are consistent
with a view that the ramping increase of theta and beta ampli-
tudes is a process that leads to associative memory expression
rather than motor control or efference copy of eyelid movement.
Brain manipulations typically impair function. The present
study demonstrates that, by manipulating the dynamics of pre-
frontal network activation—as observed in the ramping increase
of theta and beta amplitude—it is possible to enhance function-
ality of the system. This raises the question of whether the
enhancements come with a cost. Increased learning for rele-
vant associations may accompany a concomitant increase of2408 Cell Reports 15, 2400–2410, June 14, 2016learning for irrelevant associations. Such learning tendencies
might predispose an individual for superstitions and paranoia,
as can be observed in psychiatric conditions with dysregulation
of prefrontal activity (Kapur, 2003; Lisman, 2012). Accordingly,
the chemogenetic manipulation of prefrontal activity levels may
be useful for developing an animal model that will allow investi-
gation of the neurophysiological processes underlying these
disorders.
EXPERIMENTAL PROCEDURES
For details of each procedure, see the Supplemental Experimental
Procedures.
Subjects
Adult (70 days old upon arrival) male Long-Evans rats were used for all exper-
iments. All procedures were conducted in accordance with the NIH Guide for
Care and Use of Laboratory Animals (Publication no. 85–23, revised 1985), the
Canadian Council on Animal Care, and the APA Ethical Principles and were
approved by the University of Toronto Animal Care Committee.
Viral Vectors
The recombinant adeno-associated viral vectors (rAAV2/8-CamKIIa- eGFP,
4 3 1012 viral particles (vp) per milliliter; rAAV2/8-CamKIIa-hM3D (Gq)-
mCherry, 2.2 3 1012 vp per milliliter) were purchased from the vector core at
the University of North Carolina.
Surgery
Rats were anesthetized (1%–2% isoflurane by volume in oxygen at a flow rate
of 1.5 l/min), and viral vectorswere infused bilaterally (0.5 ml per side, 0.1 ml/min)
into the prelimbic region (anterior-posterior [AP] = +3.2, medial-lateral [ML] =
0.6, dorsal-ventral [DV] = 3.5 mm from bregma) (Paxinos and Watson,
2007). After at least 5 weeks of incubation period, the rats were implanted
with a bipolar wire electrode into the right prelimbic region (AP = +3.2, ML =
0.6, DV = 3.9 mm from bregma) for LFP recording and four wires in the left
upper orbicularis oculi muscle for EMG recording and eyelid stimulation.
Histology
Immunostaining
To verify that hM3Dq increases neuronal activity in vivo with CNO treatment,
the expression of c-Fos (a marker of neuronal activity) was examined in
hM3Dq-expressing rats after the completion of behavioral testing. The rats
were subcutaneously administered either 0.9% saline or CNO (0.1 mg/kg
per body weight) in their home cage. Ninety minutes later, the rats were
perfused transcardially with 4% paraformaldehyde. Brains were sliced coro-
nally (40 mm) and incubated with antibodies directed against c-Fos (rabbit,
#2250, 1:400, Cell Signaling Technology).
A separate set of tissues from hM3Dq-expressing rats was used to verify
that hM3Dq was selectively expressed in pyramidal neurons. Brains were
sliced coronally (30 mm) and incubated with antibodies directed against
a-CaMKII (a marker of pyramidal neurons; mouse, #sc-13141, 1:100, Santa
Cruz Biotechnology).
Cell Counting
The number of neurons that were positive for c-Fos, a-CaMKII, and/or hM3Dq
was assessed by two experimenters who were blind to the treatment
condition.
Electrode Location and Viral Vector Spread
The location of LFP electrodes was confirmed by histological examinations us-
ing classical methods. The location and spread of viral infection were verified
by mCherry expression, which was co-expressed with hM3Dq.
Behavioral and Neurophysiological Analyses
Trace Eyeblink Conditioning
At least 1 week after electrode implantation, rats were placed in a conditioning
chamber for 50 min without any stimulus presentation for 2 days (adaptation
sessions). On the third day, the rats received the pairing of a tone (CS, 2.5 kHz,
85 dB, 100ms) and electric shock to the eyelid (US, 100 Hz, 0.1–3mA, 100ms)
with an inter-stimulus interval of 750ms. Daily conditioning presented the stim-
ulus pairings for 100 times over a span of 50 min. The conditioning continued
for 7 days.
Drug Treatment
CNO (Tocris Bioscience) was dissolved in 0.9% saline. Either CNO solution
(0.1 mg/kg body weight) or 0.9% saline was subcutaneously injected 30 min
before the conditioning started. The drug treatment began on the second
adaptation session and continued until the last acquisition session.
Data Acquisition
During conditioning, EMGs from the eyelid and LFPs from the prelimbic region
were continuously recorded. The signals were amplified, band-pass filtered
(300–3000 Hz for EMG; 0.1–400 Hz for LFP), and acquired at 6,102 Hz
(EMG) or 2,034 Hz (LFP) with a RZ5 recording system (Tucker-Davis
Technology).
EMG Analysis
The significant increase in EMG amplitude during a 200-ms window before US
onset was defined as a CR. The ratio of trials with CR expression (CR%) was
compared across groups by using two-way repeated-measures ANOVA.
LFP Analysis
Data were imported into MATLAB for analysis using custom-written software.
Spectrograms were computed using the wavelet method (FieldTrip toolbox)
(Oostenveld et al., 2011) on field potential samples during ±3 s around CS
onset for each trial at the resolution of 0.5 Hz. Instantaneous amplitude
was computed by the Hilbert transformation applied to the filtered signal for
the pre-determined frequency bands. Those included delta (2–4 Hz), theta
(4–12 Hz), beta (12–30 Hz), and gamma (30–80 Hz) bands. To detect CS-
induced change in oscillatory activity, the power and instantaneous amplitude
were normalized by those during the period before CS onset. These values
were compared between groups or trial types by using two-way repeated-
measures ANOVA or t test with Bonferroni correction.SUPPLEMENTAL INFORMATION
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